steoporosis is a well-known complication of cardiac transplantation. 1 Rapid bone loss is reported consistently during the first year after transplantation. [2] [3] [4] [5] The prevalence of fractures ranges from 22 to 44 percent among cardiac-transplant recipients, [6] [7] [8] [9] and the incidence of vertebral fractures during the first three years after transplantation ranges from 18 to 35 percent. 10, 11 We conducted an interventional study with the aim of preventing bone loss after heart transplantation. We judged that the previously reported high rates of fracture necessitated a study comparing two active agents. We selected calcitriol and the bisphosphonate alendronate, which have both been shown to prevent glucocorticoid-induced osteoporosis. [12] [13] [14] On the basis of published results with calcitriol [15] [16] [17] and our previous experience with bisphosphonates, 18 we hypothesized that alendronate would be more effective than calcitriol.
study design
In this one-year, double-placebo, double-blind study, patients who had undergone cardiac transplantation within the previous 30 days were randomly assigned to receive either active alendronate (Fosamax, 10 mg per day) and a placebo matching the calcitriol or active calcitriol (Rocaltrol, 0.25 µg twice daily) and a placebo matching the alendronate. Patients who declined to participate in the randomized study but who completed all study measurements constituted the reference group. All patients received calcium (945 mg per day) and vitamin D (1000 IU per day).
Men and women (of all races and ethnic groups, 18 to 70 years of age), who underwent cardiac transplantation at Columbia-Presbyterian Medical Center in New York or Newark-Beth Israel Medical Center in New Jersey were eligible. The criteria for exclusion were the presence of primary hyperparathyroidism, cancer, thyrotoxicosis, sarcoidosis, a serum creatinine concentration of more than 2.5 mg per deciliter (221 µmol per liter) by one month after transplantation, active peptic ulcer disease, nephrolithiasis, hormone-replacement therapy initiated within the previous year, or the use of bisphosphonates or calcitonin therapy. Base-line measurements of bone mineral density, radiographs of the spine, fasting serum, and 24-hour urine specimens were obtained immediately after transplantation. The measurement of bone density was repeated at 6 and 12 months, and radiography was repeated at 12 months. The primary efficacy end points were the percent changes in the bone mineral density of the lumbar spine and the femoral neck at 6 and 12 months. The primary safety end points included the serum calcium and creatinine levels and the urinary calcium and creatinine clearance at 2, 6, 9, and 12 months. The secondary outcome variables included the incidence of vertebral fractures, the serum parathyroid hormone level, and the serum N-telopeptide level.
The study was conducted in the Irving Center for Clinical Research, Metabolic Bone Diseases and Cardiac Transplantation Units of the ColumbiaPresbyterian Medical Center, with the approval of the institutional review boards of the ColumbiaPresbyterian Medical Center and the Newark-Beth Israel Medical Center. Written informed consent was obtained from all participants.
recruitment and retention of patients
Of 432 patients who received a heart transplant between January 1999 and June 2001 (390 at the Columbia-Presbyterian Medical Center and 42 at the Newark-Beth Israel Medical Center), 212 were deemed ineligible (Fig. 1) , most commonly because they were enrolled in another clinical trial or were younger than 18 years of age. Sixty-five patients declined to participate, of whom 27 constituted the reference group.
Six patients who underwent randomization and two patients in the reference group died of transplantation-related complications (rejection, infection, or heart failure). Eighteen patients who underwent randomization withdrew before the 6-month visit, and five withdrew before the 12-month visit. Excluding the patients who died, the rate of retention for 12 months was 85 percent in the alendronate group and 83 percent in the calcitriol group (Fig. 1) . A total of 66 percent of the patients in the alendronate group completed 12 months of study treatment, as did 52 percent of those in the calcitriol group. The reasons for the discontinuation of the study treatment were gastrointestinal symptoms (in 4 patients in the alendronate group and 11 in the calcitriol group), the patient's wishes (in 4 patients, all in the calcitriol group), excessive bone loss at six months (in 3 patients, all in the alendronate group), severe transplantation-related complications (in 1 patient in the alendronate group), nephrolithiasis (in 1 patient in the alendronate group), severe hypercalcemia (in 2 patients, both in the calcitriol group), o methods enrollment in another trial (in 2 patients in the alendronate group and 1 in the calcitriol group), use of testosterone therapy (in 1 patient in the alendronate group) or alendronate therapy (in 1 patient in the calcitriol group), and renal insufficiency (in 1 patient in the alendronate group).
immunosuppression
All patients received glucocorticoids and calcineurin inhibitors, predominantly cyclosporine. Intravenous methylprednisolone was followed by oral prednisone, beginning at a dose of 50 mg and tapering to 30 mg by two weeks and to 5 to 10 mg by six months. Prednisone treatment was not discontinued in any of the patients. Rejection was managed with the use of high-dose oral or intravenous glucocorticoids. The trough blood cyclosporine levels were maintained between 250 and 300 ng per milliliter for the first six months and between 200 and 250 ng per milliliter for the second six months.
bone density and biochemical measurements
Bone density was measured with the use of dualenergy x-ray absorptiometry (QDR-4500 densitometer, Hologic) at Columbia-Presbyterian Medical Center; the short-term in vivo coefficient of variation is 0.68 percent for the spine and 1.36 percent for the femoral neck. Bone density was expressed in grams per square centimeter and in terms of T and z scores for the comparison of patients with youngnormal and age-matched populations of the same race and sex. According to the criteria defined by a World Health Organization study group for white postmenopausal women, a T score of ¡2.5 or below indicates the presence of osteoporosis. 19 Radiography was performed according to the protocol for the Study of Osteoporotic Fractures. 20 New fractures, 21 defined by a 20 percent decrease ( ≥ 4 mm) in any vertebral height, 22 were adjudicated by a skeletal radiologist. 22 All biochemical variables were measured in fasting, morning serum by means of an autoanalyzer (Technicon Instruments). Urinary calcium excretion was analyzed by means of colorimetry, and creatinine excretion by means of an autoanalyzer. Aliquots of serum were stored at ¡70°C for batch analyses of parathyroid hormone and N-telopeptide levels in the core laboratory with the use of a two-site immunoradiometric assay (Corning-Nichols Institute) and an enzyme-linked immunosorbent assay (Osteomark, Ostex), respectively. At each visit, medication use, side effects of the study drugs, and adverse events (including hospitalization, rejection, infection, gastrointestinal symptoms, hypercalcemia, hypercalciuria, and fracture) were documented through history taking and a review of the chart. Occurrences of nonvertebral fractures were ascertained through the review of radiographs.
If the serum calcium level exceeded 10.4 mg per deciliter (2.6 mmol per liter) or the urinary calcium excretion exceeded 400 mg per 24 hours (10 mmol per day), calcium supplementation was reduced by one tablet (315 mg) per day. If the elevation persisted after all calcium supplementation was discontinued, the dose of calcitriol or matching placebo was reduced sequentially by 0.25 µg per day. On resolution of hypercalcemia or hypercalciuria, the patient was rechallenged with the previous dose. If the abnormality recurred, the patient was given the lower dose. The average dose of calcitriol over the 12-month study period, including that in patients who remained in the study but discontinued treatment with the study medications, was 0.37 ± 0.22 µg per day.
Gastrointestinal symptoms, which can be caused by mycophenolate mofetil therapy and cytomegalovirus, are common after transplantation. Since alendronate is also associated with gastrointestinal symptoms, 23 we discontinued treatment with alendronate or matching placebo in patients who had such symptoms. Gastrointestinal symptoms that resolved after the discontinuation of alendronate therapy and recurred after the resumption of treatment were considered likely to be related to alendronate. If the symptoms were not controlled by omeprazole therapy or were intolerable, the study medications were discontinued but the patient remained in the study.
A bone loss of 8 percent or more at the six-month visit prompted repeated scanning. If the loss was confirmed and the T score was below ¡2.0, the patient was withdrawn from the study and referred for evaluation. An independent data and safety board monitored the study end points and safety. Merck had no role in the design, conduct, or analysis of the study.
statistical analysis
The study was designed to detect differences between the groups of 2.5 percentage points (a standard deviation of 5 percent) in the percent change from base line to 12 months in the bone mineral density at the spine and femoral neck, with a power of 80 percent and a two-tailed P value of 0.05. The sample size would permit the detection of a 15 percent difference in the incidence of vertebral fractures (with a power of 80 percent) if the fracture rate was 20 percent in one group and 5 percent in the other group.
Base-line differences between the groups were assessed with the use of Student's t-test for continuous variables and Fisher's exact test for categorical variables. The percent change from base line in the bone density was tested with a mixed-model analysis of variance for repeated measures; the covariates were the fixed effect of treatment (to test the overall differences between treatments), the interaction between treatment and time (to test for differences between the groups in the percent changes at 6 and 12 months), random effects of patient and error, and the base-line bone density. Fixed effects with P val-* Plus-minus values are means ±SD. NA denotes not applicable. (18) 6 (8) 4 (5) 52 (69) 15 (20) 6 (8) 2 (3) 19 (70) 2 (7) 3 (11) 3 (11) Cardiac diagnosis -no. (%) Ischemic cardiomyopathy Dilated cardiomyopathy Other 42 (57) 26 (35) 6 (8) 36 (48) 30 (40) 9 (12) 15 (56) 8 (30) 4 (15) Bone mineral density ues of less than 0.05 were investigated through the calculation of differences between the groups within a given period and differences within each group over time, with their 95 percent confidence intervals. The differences between groups in immunosuppression and biochemical variables were examined by means of a mixed-model analysis of variance. Adverse events and new fractures were assessed with the use of Fisher's exact test. The primary analyses compared the two randomized groups. Secondary analyses compared the randomized groups with the reference group. All efficacy and safety analyses were conducted according to the intention-to-treat principle. Perprotocol analyses included patients who adhered to study treatment and completed the 6-month or 12-month visit. A two-sided P value of 0.05 or less was required for the rejection of the null hypothesis. The data were held and analyzed by the investigative team.
study population
The mean age of the patients was 54 years, and patients were predominantly male and white. The randomized groups did not differ significantly in terms of age, sex, race or ethnic group, or base-line bone density ( Table 1 ). The T score for the lumbar spine was ¡2.5 or lower in 6.5 percent of the women and 7.8 percent of the men. The reference group was similar to the intervention groups in all respects.
immunosuppression
The daily doses of prednisone and cyclosporine and the trough cyclosporine levels ( Table 2) did not differ significantly among the groups, except that the dose of cyclosporine was lower in the alendronate group than in the other groups at randomization and was lower in the reference group than in the other groups at nine months.
change in bone mineral density
Neither the intention-to-treat analysis (Fig. 2) nor the per-protocol analysis (data not shown) revealed significant differences between the calcitriol and alendronate groups at 6 or 12 months. By 12 months, the bone density of the spine had decreased by 0.7 percent in the alendronate group (95 percent confidence interval for the change, ¡1.8 to 0.5; the positive value indicates that there was an increase in bone density in one or more patients) and by 1.6 percent in the calcitriol group (95 percent confidence interval, ¡2.8 to ¡0.5). The bone density at the femoral neck decreased by 1.7 percent in the alendronate group (95 percent confidence interval, ¡3.1 to ¡0.4) and by 2.1 percent in the calcitriol group (95 percent confidence interval, ¡3.5 to ¡0.8).
The bone density of the total hip decreased by 1.5 percent in the alendronate group (95 percent confidence interval, ¡2.1 to ¡0.5) and by 2.3 percent in the calcitriol group (95 percent confidence interval, ¡2.9 to ¡0.8). At 12 months, the estimated difference between the changes in the two groups was 0.9 percentage point for the change at the spine (95 percent confidence interval, ¡0.7 to 2.6; P=0.25), 0.4 percentage point for the change at the femoral neck (95 percent confidence interval, ¡1.5 to 2.3; P=0.69), and 0.8 percentage point for the change at the total hip (95 percent confidence interval, ¡0.7 to 2.2; P=0.31).
Secondary analyses revealed that the bone loss at the spine was greater in the reference group (a decrease of 3.2 percent; 95 percent confidence interval, ¡5.0 to ¡1.4 percent) than in the alendronate group (estimated difference, 2.5 percentage points; 95 percent confidence interval, 0.4 to 4.6; P=0.03), but there was no significant difference between the reference group and the calcitriol group (estimated difference, 1.6 percentage points; 95 percent confidence interval, ¡0.5 to 3.6; P=0.15). Among the patients in the calcitriol group who adhered to therapy, the bone density decreased by only 0.5 percent (95 percent confidence interval, ¡1.9 to 0.8), and the difference between this calcitriol subgroup and the reference group of 2.7 percentage points (95 percent confidence interval, 0.3 to 4.8) was significant (P=0.03).
The bone loss at the femoral neck in the reference group (a decrease of 6.2 percent; 95 percent confidence interval, ¡8.0 to ¡4.4) and the loss at the total hip in this group (a decrease of 4.6 percent; 95 percent confidence interval, ¡6.1 to ¡3.2) were significantly greater than those in both intervention groups. For the femoral neck, the estimated difference between the alendronate group and the reference group was 4.5 percentage points (95 percent confidence interval, 2.3 to 6.7; P=0.001), and the estimated difference between the calcitriol group and the reference group was 4.1 percentage points (95 percent confidence interval, 1.6 to 6.6; P=0.001). For the total hip, the estimated difference between the alendronate group and the reference group was 3.1 percentage points (95 percent confidence interval, 1.4 to 4.8; P=0.001), and the estimated difference between the calcitriol group and the reference group was 2.3 percentage points (95 percent confidence interval, 0.1 to 4.5; P=0.04). Three patients in the reference group (13.6 percent of those with radiographs) sustained a total of eight fractures; two patients in this group (9.1 percent) had multiple fractures. Although there were more fractures in the reference group, the number of fractures was small. The differences between the reference group and the alendronate group in the proportion of patients with any fracture (6.8 percentage points; 95 percent confidence interval, ¡25.7 to 12.0; P=0.68) and in the proportion of patients with multiple fractures (5.7 percentage points; 95 percent confidence interval, ¡21.7 to 10.3; P=0.30) were not significant. Similarly, the differences between the reference group and the calcitriol group in the proportion of patients with any fracture (10.0 percentage points; 95 percent confidence interval, ¡28.7 to 8.2; P=0.14) and in the proportion of patients with multiple fractures (9.1 percentage points; 95 percent confidence interval, ¡24.3 to 6.1; P=0.08) were not significant.
adverse events
There were no significant differences between the intervention groups in the rates of transplantation- related or gastrointestinal adverse events (Table 3) . More patients in the calcitriol group than in the alendronate group required adjustments of the calcium and calcitriol doses; hypercalciuria and hypercalcemia also developed in more patients in the calcitriol group. One patient in the calcitriol group withdrew from the study because of severe hypercalcemia (serum calcium level, 12.2 mg per deciliter [3.04 mmol per liter]).
biochemical indexes of mineral metabolism
The base-line serum N-telopeptide level, a marker of bone resorption, was elevated in all groups (25.5 ± 1.6 nmol bone collagen equivalents per liter; normal range, 7.7 to 19.3); the level then decreased to the mid-normal range in both intervention groups, while remaining elevated in the reference group (Fig. 3A) . By six months, the serum parathyroid hormone level ( We directly compared alendronate and calcitriol for the prevention of bone loss during the first year after cardiac transplantation. The primary analysis revealed no significant differences between the intervention groups in terms of bone loss or the incidence of fractures. However, patients who were treated with either drug had significantly less bone loss at the hip than patients in the reference group, and those who received alendronate had less bone loss at the spine than those in the reference group, suggesting that both alendronate and calcitriol prevent bone loss after heart transplantation. Although fewer fractures occurred in patients in the intervention groups than in those in the reference group, the differences were not significant. Hypercalcemia and hypercalciuria were more common and severe in patients in the calcitriol group. Bone loss occurring shortly after heart transplantation is probably related to concomitant therapy with high-dose glucocorticoids and calcineurin inhibitors, particularly cyclosporine. 24 Glucocorticoids profoundly inhibit bone formation, with relatively minor effects on bone resorption. 25 In contrast, studies of calcineurin inhibitors in animals have demonstrated markedly increased bone resorption and formation. 26 Elevated levels of markers of bone resorption have consistently been demonstrated in heart-transplant recipients who receive both glucocorticoids and cyclosporine 3, 4, 27, 28 ; such a pattern is not generally seen in patients taking glucocorticoids alone. 29 Both alendronate and calcitriol suppressed resorption, as evidenced by similar discussion * Data include readmissions to the hospital after randomization. † Data include all infections due to cytomegalovirus and all other infections that necessitated hospitalization, intravenous antibiotic therapy, or both. ‡ The severity of rejection was defined according to the criteria of the International Society for Heart and Lung Transplantation. § All gastrointestinal symptoms, except hemorrhage, were adjudicated by observers who were unaware of the treatment-group assignments. ¶ Data are for all patients in the intervention groups in whom alendronate or matching placebo was discontinued on one or more occasions either temporarily or permanently because of gastrointestinal symptoms. 27 (36) 14 (19) 32 (43) 13 (17) Gastrointestinal effects § Any 44 (59) 43 (57)
Abdominal pain 10 (14) 9 (12) Heartburn or acid reflux 5 (7) 12 (16) Nausea 21 (28) 19 (25) Alendronate or matching placebo discontinued ¶ 14 (19) 17 (23) Hypercalcemia (serum calcium level >10.4 mg/dl)¿ 1 (1) 6 (8) Hypercalciuria (urinary calcium excretion >300 mg/24 hr)** 5 (7) 20 (27) Serum creatinine level ≥3 mg/dl † † 4 (5) 7 (9) Creatinine clearance ≤30 ml/min 17 (23) 23 (31) Supplemental calcium dose reduced ‡ ‡ 4 (5) 12 (16) Calcitriol dose reduced 2 (3) 4 (5) decreases in serum N-telopeptide levels. However, alendronate directly inhibits osteoclast activity, whereas calcitriol appears to act by suppressing parathyroid hormone secretion. Previous studies of heart-transplant recipients treated with pharmacologic doses of vitamin D or bisphosphonates suggested that alendronate would have greater efficacy than calcitriol. In patients receiving alfacalcidol, bone density decreased by 5 to 7 percent at the spine and femoral neck. 15 Similar losses were reported in calcitriol-treated patients after heart or lung transplantation. 16 Sambrook et al. reported one-year bone loss at the spine of only 2.3 percent among patients treated with calcitriol (0.5 µg per day), as compared with 2.9 percent among patients given placebo. 17 However, bone loss at the femoral neck averaged 3.9 percent in the calcitriol group, as compared with 6.6 percent in the placebo group. 17 In contrast, smaller studies evaluating intravenous bisphosphonates (pamidronate) after heart transplantation reported stable or improved bone density at the spine 18,30 or smaller losses (1.4 to 1.9 percent). 31 Pamidronate and ibandronate also prevent bone loss after kidney, 32, 33 liver, [34] [35] [36] and lung 37 transplantation.
Although we originally hypothesized that alendronate would be superior to calcitriol, we observed clinically and statistically insignificant differences of 1.0 percentage point or less at all sites. The study's power to detect differences of this magnitude was approximately 10 percent. Calcitriol appeared to be more effective than previously reported, [15] [16] [17] 31 perhaps because in earlier studies supplemental calcium was not provided, 16 the calcitriol doses were lower, 17 or higher doses of glucocorticoids were used. Moreover, the rates of bone loss and fracture in the reference group were lower than expected, perhaps because the prednisone doses were considerably lower than those used in earlier studies. 2, 3, 10, 11 Both alendronate and calcitriol were tolerated well with respect to transplantation-related adverse events. The rates of adverse gastrointestinal effects, which may limit the use of oral bisphosphonates, were similar in the two groups. Hypercalcemia and hypercalciuria in patients receiving calcitriol were usually mild and easily managed. However, if intensive monitoring had not been incorporated into the study design, the severity and frequency of these adverse effects would undoubtedly have been greater. Lower doses of calcitriol or supplemental calcium might ameliorate this problem, but such improvement might come at the expense of efficacy. Combining a lower dose of calcitriol with a bisphosphonate might prevent the increase in the parathyroid hormone level and permit alendronate to be more effective. Since considerable bone loss may occur during the first weeks after transplantation, an intravenous bisphosphonate administered immediately after transplantation might have proved more effective than calcitriol. Our study has several limitations. It is common for studies of interventions for post-transplantation osteoporosis to lack a randomized control group; we believed that ethical considerations required the design we used. Fortunately, the reference group provided a benchmark for interpreting the effects of the interventions. The rather high rate of nonadherence (only about 60 percent of the patients were receiving their assigned therapy at 12 months) appeared to be attributable mainly to transplantationrelated adverse events. Since analyses including only patients who adhered to therapy were generally similar to the intention-to-treat analyses, nonadherence did not appear to affect the results materially. Finally, since the study was conducted predominantly in a single institution and included only heart-transplant recipients, the results may not apply to other centers or other types of organ transplantation.
In summary, bone loss appeared to be minimal when alendronate or calcitriol therapy was initiated during the first month after heart transplantation. Although our results did not establish any difference in efficacy, both drugs appeared to be safe and prevented some of the bone loss that occurred in a reference group of patients who received transplants concurrently. However, the requirement for monitoring the serum and urinary calcium levels in patients receiving calcitriol may make alendronate the more attractive choice in the complicated setting of the early post-transplantation period.
